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AstrocytesVesicular stomatitis virus (VSV) infection of mice via intranasal administration results in a severe
encephalitis with rapid activation and proliferation of microglia and astrocytes. We have recently shown that
these glial cells express RIG-I and MDA5, cytosolic pattern recognition receptors for viral RNA. However, it is
unclear whether VSV can replicate in glial cells or if such replication is required for their inﬂammatory
responses. Here we demonstrate that primary microglia and astrocytes are permissive for VSV infection and
limited productive replication. Importantly, we show that viral replication is required for robust
inﬂammatory mediator production by these cells. Finally, we have conﬁrmed that in vivo VSV administration
can result in viral infection of glial cells in situ. These results suggest that viral replication within resident
glial cells might play an important role in CNS inﬂammation following infection with VSV and possibly other
neurotropic nonsegmented negative-strand RNA viruses.li).
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Vesicular stomatitis virus (VSV) is a prototypic nonsegmented
negative-strand RNA virus of the family Rhabdoviridae, order Mono-
negavirales. Members of this order include many medically important
pathogens including the lethal rabies, Ebola, Marburg, Nipah and
Hendra viruses. VSV has a limited human pathogenicity, making it an
attractive model for the study of other viruses in this order, including
closely related rabies virus, another member of the family Rhabdo-
viridae. Intranasal inoculation of mice with VSV leads to infection of
the olfactory bulb via the olfactory neurons and subsequently leads to
infection throughout the central nervous system (CNS) (Bi et al.,
1995; Lundh, 1990; Lundh et al., 1987; Miyoshi et al., 1971). This
infection is associated with acute encephalitis, breakdown of the
blood–brain barrier, and a high degree of mortality similar to that
seen with rabies infections (Huneycutt et al., 1993). Interestingly,
VSV-associated encephalitis appears to be T-cell independent (Frei et
al., 1989; Huneycutt et al., 1993; Nansen et al., 2000), suggesting a role
for resident CNS cells in the initiation and/or progression of the CNS
inﬂammation. While previous studies have demonstrated that
neurons are readily infected by VSV (Bi et al., 1995), the susceptibility
of other glial cell types to infection with this virus remains unclear.Microglia and astrocytes are resident glial cells of the CNS and are
ideally situated to detect and respond to viral pathogens. Upon
activation, these cells assume immune effector functions that include
inﬂammatory mediator production and MHC class II molecule
expression (for review, see Chauhan andMarriott, 2007). Importantly,
microglia and astrocytes appear to respond to VSV as the encephalitis
caused by this virus is associated with proliferation of these cell types
and increased MHC class II molecule expression on their surfaces (Bi
et al., 1995). Recent studies from our laboratory have shown that
microglia and astrocytes express retinoic acid-inducible gene-I (RIG-
I) and melanoma differentiation-associated gene-5 (MDA5) (Furr et
al., 2008), two members of the (RIG-I)-like receptor (RLR) family of
cytosolic proteins that can serve as intracellular pattern recognition
receptors for replicative viral RNA (Meylan et al., 2006; Takeuchi and
Akira, 2008; Takeuchi and Akira, 2009). Interestingly, the level of
expression of these receptors was upregulated in microglia and
astrocytes following exposure to VSV, consistent with a functional
role for RLRs in virally-induced immune responses by these resident
CNS cells (Furr et al., 2008). However, the ability of VSV to infect and
replicate within these glial cells has not been established.
In the present study, we demonstrate that primary murine
microglia and astrocytes are permissive for VSV infection both in
vitro and in vivo. Furthermore, we show that active replication of VSV
appears to be required for robust inﬂammatory mediator production
by these resident CNS cell types. These data suggest that viral
replication within resident glial cells may play an important role in
Fig. 1. The organization of negative-sense RNA genomes of the recombinant viruses
used in the present study. The viral RNA dependent RNA polymerase (consisting of L
and P proteins) sequentially synthesizes mRNAs in the order that they appear from the
3′ end of the genome. Initiation of each downstream gene occurs sequentially as the
polymerase pauses at the intergenic junction and then reinitiates synthesis of the next
gene. (A) Recombinant VSV-wt (Indiana serotype) genomic RNA. (B) Recombinant
VSV-GFP (Indiana serotype) encoding GFP as an extra gene between G and L genes. (C)
Recombinant VSV (Indiana serotype) HR1-1 mutant with a mutation resulting in an L
protein with a single substitution D to V at the L protein amino acid position 1671. (D)
Recombinant SeV (Fushimi strain) with GFP as an extra gene upstream of the NP gene.
SeV-GFP does not require trypsin in the medium as it has a wt monobasic trypsin-
dependent cleavage site in the F protein mutated (Fm) to an oligobasic cleavage site,
allowing F activation in any cell type through a ubiquitous furin-like protease.
188 V.S. Chauhan et al. / Virology 400 (2010) 187–196the development of CNS inﬂammation following VSV infection.
Interestingly, both primary astrocytes and microglia were susceptible
for infection by non-neurotropic Sendai virus (SeV, a paramyxovirus),
suggesting that glial cells are permissive for infection by both
neurotropic and non-neurotropic nonsegmented negative-strand
RNA viruses.
Results
VSV and SeV infect and replicate within primary murine microglia
and astrocytes
To directly examine the ability of VSV to infect and replicate in
astrocytes andmicroglia, we isolated primary glial cells from neonatal
C57BL/6 mice using protocols established in our laboratory (Harry et
al., 1998; Rasley et al., 2002a; Rasley et al., 2002b; Sterka et al., 2006).
The purity of the astrocyte and microglia cell preparations was
conﬁrmed by confocal microscopy as described in Materials and
Methods. To assess the ability of VSV to infect and replicate within
these primary glial cells we have employed a recombinant VSV (VSV-
GFP) containing the GFP gene incorporated between the viral G and L
genes (Das et al., 2006) (Fig. 1B). Due to the negative-sense polarity of
the VSV RNA genome and the distant position of the GFP gene from the
3′-end of the genomic RNA, we could detect GFP only following
successful VSV-GFP replicationwithin target cells (Das et al., 2006; and
data not shown).
Conﬂuent cultures of microglia and astrocytes were infected with
VSV-GFP at anMOIBHK of 1. This MOIBHK value was calculated based on
the VSV-GFP titration on BHK-21 cells, which are exceptionally
susceptible to VSV infection and replication (Grdzelishvili et al.,
2005). It is therefore likely that the actual MOI values for microglia
and/or astrocytes were signiﬁcantly lower than 1. This was conﬁrmedFig. 2. VSV and SeV infect and replicate within primarymurinemicroglia and astrocytes. Cells
MOIBHK (for VSV) or MOIVERO (for SeV) of 1 PFU per glial cell and cultured for 6, 12,
immunoﬂuorescence (green) and cell nucleus (blue) and cell membrane (red)-associated im
by trypan blue exclusion and the percentage of dead cells is indicated beneath each microgra
byWestern blot analysis. Immunoblots shown are representative of three separate experime
protein”) of the separated cell lysates loaded in the same order as in Western blot show the v
total protein levels between different samples.in dose–response studies with different amounts of VSV-GFP added to
glial cells and countingGFP-expressing cells at 12 h post infection (p.i.)
(data not shown). As shown in Fig. 2A, VSV-associated GFP
ﬂuorescence was detectable in astrocytes by 12 h p.i. and was broadly
expressed at 24 h p.i. We also detected cellular accumulation of VSV N
and P proteins 24 h p.i. in both microglia and astrocytes (data not
shown). VSV replication in astrocyteswas associatedwith onlymodest
cell death as determined by trypan blue staining (the percentage of
dead cells is indicated beneath each micrograph in Fig. 2A). This
ﬁndingwas conﬁrmed by the robust accumulation of GFP in these cells
at 24 h p.i. as determined by Western blot analysis (Fig. 2B).
Interestingly, VSV-associated GFP expression was detected as rapidly
as 6 h p.i. in microglial cells as determined by Western blot analysis
(Fig. 2B) andwas readily detectable by confocalmicroscopy at 12 h p.i.
(Fig. 2A). However, in contrast to astrocytes, VSV elicited markedly
higher cytopathic effect and cell death inmicroglial cells as can be seen
by the morphological changes shown in Fig. 2A at 24 and 48 h p.i., the
reduction in total protein content in samples obtained at these time
points (Fig. 2B), and by the marked increase in the number of dead
cells as determined by trypan blue staining (Fig. 2A).
In addition to VSV–GFP infections, we performed similar experi-
ments in which astrocytes andmicroglia were infectedwithwild-type
VSV (VSV-wt, Fig. 1A) and a similar accumulation pattern of VSV N
and P proteins in these cells was conﬁrmed by Western blot analysis
using polyclonal VSV antibodies (data not shown).
To determine whether the ability of VSV to replicate within
resident CNS cells is speciﬁc for this neurotropic RNA virus, microglia
and astrocytes were also tested for their susceptibility for the
paramyxovirus, Sendai virus (SeV, family Paramyxoviridae), another
prototypic nonsegmented negative-strand RNA virus that is distantly
related to VSV but lacks the ability to cross the blood–brain barrier
(Lundh et al., 1987). Primary murine glial cells were exposed to
recombinant SeV containing the GFP gene (SeV-GFP, Fig. 1D)
(Wiegand et al., 2007) at an MOIVERO of 1 (calculated based on the
SeV-GFP titration on Vero cells) and viral infection and replication
was again assessed by ﬂuorescence microscopy and Western blot
analysis. As shown in Fig. 2C, SeV-associated GFP ﬂuorescence was
readily detectable in both astrocytes andmicroglia at 48 h p.i., and this
observation was conﬁrmed by Western blot analysis for GFP
expression (Fig. 2D). Interestingly, such infection and viral replication
failed to elicit a signiﬁcant cell death in either astrocytes or microglia
(Figs. 2C and D). Together, these data demonstrate the ability of SeV to
infect murine glial cells and suggest that astrocytes and microglia are
permissive for infection by both neurotropic and non-neurotropic
nonsegmented negative-strand RNA viruses.
To conﬁrm that GFP accumulation shown in Fig. 2 correlated with
the production of new copies of viral genomic RNA and new infectious
virus particles, astrocytes and microglia were infected with VSV-GFP
or SeV-GFP at MOIBHK or MOIVero of 1, respectively. Unbound viruses
were removed at 1 h p.i., and cells andmedia were collected at several
time points after infection and analyzed for viral RNA (Figs. 3A and B)
and infectious virus particles (Fig. 3C), respectively. Both microglia
and astrocytes produced detectable amounts of newly synthesized
VSV genomes (Fig. 3A, left panel, normalized to ribosomal RNA levels)
and N mRNA (Fig. 3B, left panel, normalized to ribosomal RNA levels).
VSV RNA levels (genomic and mRNA) sharply decreased between 24
and 48 h p.i. (Figs. 3A and B). However, due to a strong cytopathic(1×106) were untreated or infected with VSV-GFP (A and B) or SeV-GFP (C and D) at an
24, and 48 h. (A and C) Cells were imaged for the expression of virus-driven GFP
munoﬂuorescence by confocal microscopy. In parallel studies, cell death was assessed
ph. (B and D)Whole-cell protein lysates were prepared and GFP expression determined
nts. Parallel Coomassie-stained gels (shown belowWestern blots and indicated as “total
arious housekeeping protein levels between the samples and demonstrate comparable
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Fig. 3. Analysis of VSV and SeV replication within primary murine microglia and astrocytes. (A and B) Bar graphs represent signal ratios of viral genomic RNA/cellular ribosomal RNA
(rRNA) (A) or viral N mRNA/cellular rRNA (B) isolated from microglia or astrocytes infected at an MOIBHK (for VSV-GFP) or MOIVERO (for SeV-GFP) of 1 PFU per glial cell. Total RNA
was extracted from the collected cells using the Quick-RNA MiniPrep kit (Zymo Research), and analyzed by Northern blotting using riboprobes complementary to the VSV or SeV
genomic RNA. These VSV and SeV ribiprobes were found to nonspeciﬁcally recognize N mRNA of the corresponding viruses. Autoradiographic images of the membranes were
obtained using a GE Healthcare Typhoon Phosphorimager, and RNA bands for viral genomic RNA, viral N mRNA and cellular rRNA (nonspeciﬁcally recognized by antigenomic
riboprobe) were quantitated using ImageQuant software (Molecular Dynamics). (C) Bar graphs represent numbers of new infectious viral particles produced in microglia (grey line)
and astrocytes (black line) infected at an MOIBHK (for VSV-GFP) or MOIVERO (for SeV-GFP) of 1 PFU per glial cell (done in triplicates). Medium was collected at the indicated time
point p.i., and virus titer was determined by standard plaque assay on BHK-21 (for VSV) or Vero cells (for SeV). Viral titers are shown in logarithmic scale for SeV.
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were unable to retrieve sufﬁcient amounts of total RNA to make very
reliable calculations of viral RNA accumulation (all bands including
ribosomal RNA were extremely weak). In contrast to microglia, VSV
RNA levels steadily increased in astrocytes, which is consistent with
GFP accumulation (Figs. 2A and B). Interestingly, both microglia and
astrocytes produced verymodest amounts of VSVparticles (Fig. 3C, left
panel) with virus production peaking at 24 h p.i. and then sharply
declining at 48 h p.i. This decline was observed even in astrocytes,
which produced increasing amounts of VSV RNA between 24 and 48 h
p.i. (Figs. 3A and B). Similarly, SeV genomic (Fig. 3A, right panel) and N
mRNA (Fig. 3B, right panel) accumulation was higher in astrocytes
than inmicroglia. Also, in agreementwithGFP accumulationdata (Figs.
2C and D), no drop in viral RNA accumulation was observed between24 and 48 h p.i. In general, both astrocytes and microglia supported
higher levels of virion production in SeV compared to VSV (Fig. 3C,
right panel), which can be explained by no signiﬁcant cell death in
either astrocytes or microglia following SeV infection (Figs. 2C and D).
Primary murine microglia and astrocytes respond to VSV and
SeV infection by secreting key inﬂammatory mediators
Previous studies have indicated that resident CNS cell types
respond to the presence of VSV by the expression of MHC class II
molecules and production of NO (Bi et al., 1995). However, it is not
clear whether these effects occur as a consequence of direct viral
recognition by glial cells or as a secondary response to inﬂamma-
tory mediators and/or damage-associated molecules released by
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respond to VSV we have utilized speciﬁc capture ELISAs to quantify
the production of key inﬂammatory cytokines by isolated cultures of
primary murine microglia and astrocytes following infection with
VSV. As shown in Figs. 4A and B, in response to VSV-wt at 12 and
24 h p.i. microglia produced signiﬁcant levels of both IL-6 and TNF-
α, cytokines known to be produced at high levels during viral
encephalitis (Nuovo et al., 2005; Rempel et al., 2005), Maximal
cytokine responses in microglia were observed at viral MOIBHK of
0.1 and 1 at 12 and 24 h p.i., respectively (Figs. 4A and B), with
higher viral titers resulting in lower production consistent with cell
death at these MOIs (data not shown). Similarly, astrocytes also
produced signiﬁcant levels of IL-6 and TNF-α at 12 and 24 h
following infection with VSV (Figs. 4A and B).
To determine whether these responses were speciﬁc for the
neurotropic VSV, we have performed similar experiments to deter-
mine the cytokine responses of microglia and astrocytes to SeV
infection. As shown in Figs. 4C and D, both microglia and astrocytes
produced detectable levels of IL-6 and TNF-α in response to SeV-GFP
at both 12 and 24 h p.i. Although these responses increased according
to the numbers of infectious viral particles introduced to the glial
cultures (Figs. 4C and D), the levels of IL-6 and TNF-α produced byFig. 4. Production of inﬂammatory mediators following incubation with VSV-wt (A and B), S
astrocytes were uninfected or exposed to varying MOIBHK (for VSV, A and B) or MOIVERO (for
IL-6 (A and C) or TNF-α (B and D) by speciﬁc capture ELISA. Data are presented as the mean
(E–G) Exposure of primary murine microglia and astrocytes to heat inactivated VSV or VSV
mediator production by primarymurinemicroglia and astrocytes. Microglia and astrocytes w
HR1-1 (G). At 12 and 24 h p.i., culture supernatants were assayed for the presence of IL-6 (E an
measurements of samples from at least three separate experiments±SEM.SeV-infected glial cells were substantially lower than those observed
for comparable numbers of infectious VSV particles (Fig. 4).
Viral replication is required for robust microglial and astrocyte immune
responses to VSV
While it is apparent that glial cells can directly respond to VSV
infection, it is unclear whether these cells respond to external/
internalized viral components or if viral replication is a prerequisite
for microglial and astrocyte immune responses. To begin to address
this question, we have performed experiments employing heat-
inactivated VSV. While exposure of microglia or astrocytes to heat-
inactivated VSV-wt resulted in production of detectable levels of both
IL-6 and TNF-α (Figs. 4E and F), the inﬂammatory cytokine production
was approximately 10-fold lower than that observed following
infection with viable VSV (Figs. 4A and B).
To further address this question, we have performed similar
experiments utilizing a host-range VSV mutant, HR1-1 (Fig. 1C),
previously generated and characterized in our laboratory (Grdzelish-
vili et al., 2005). The VSV HR1-1 mutant has a single nucleotide
substitution resulting in a mutant L protein with a D to V substitution
at position 1671 (Grdzelishvili et al., 2005). We have shown that theeV-GFP (C and D), heat inactivated VSV (E, F) or VSV HR1-1 mutant (G). Microglia and
SeV, C and D). At 12 and 24 h p.i., culture supernatants were assayed for the presence of
of duplicate measurements of samples from at least three separate experiments±SEM.
HR1-1 mutant (replication-impaired in the glial cells) elicits only modest inﬂammatory
ere untreated or exposed to varyingMOIBHK of heat-inactivated VSV-wt (E and F) or VSV
d G) or TNF-α (F) by speciﬁc capture ELISA. Data are presented as themean of duplicate
Fig. 5. VSV infects microglia and astrocytes in situ following intranasal administration.
C57BL/6 mice were uninfected (0) or inoculated intranasally with 4×107 PFUs of VSV-
wt (VSV). At 5 days p.i., disease severity was assessed according to appearance and
behavior, and at 3 days p.i. levels of IL-6 and IL-10 were quantiﬁed in whole brain
homogenates by speciﬁc capture ELISA (A). Severity was scored from 1 (no detectable
behavioral differences) to 5 (moribund). Cross symbol indicates a moribund animal
that was euthanized prior to day 5. Asterisk indicates statistically signiﬁcant difference
from uninfected cells (0). In addition, at 3 days post-infection brain tissue was perfused
in situ, isolated, and prepared for immunoﬂuorescent microscopic analysis (B). B shows
representative GFAP (astrocyte) or F4/80 (microglia/macrophage)-associated immu-
noﬂuorescence (green), VSV-associated immunoﬂuorescence (red) and cell nucleus-
associated immunoﬂuorescence (blue) in coronal cortical ﬁelds from one of the four
animals in each group using a 40×objective. Arrows indicate astrocytes (top right
panel) or microglia (lower right panel) with colocalized cellular and VSV staining
(yellow). (C) Protein isolates were prepared from density gradient puriﬁed mixed glial
cells (Glia) or prepared from astrocytes (GFAP+) or microglia/macrophages (CD11b
+) isolated from infected mouse brains by ﬂow cytometry, and were analyzed for the
presence of the VSV G protein by Western blot analysis. Plus sign represents a positive
control with protein isolates prepared from puriﬁed VSV virions. Parallel Coomassie-
stained gels (shown below Western blots and indicated as “total protein”) of the
separated cell lysates loaded in the same order as in Western blot show the various
housekeeping protein levels between the samples and demonstrate comparable total
protein levels between different samples.
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tion at both the guanine-N7 and 2′-O-adenosine positions (Grdze-
lishvili et al., 2005) and results in subsequent non-translatability of
primary VSV transcripts (Grdzelishvili et al., 2005; Hercyk et al., 1988;
Horikami et al., 1992; Horikami and Moyer, 1982). As a result, VSV
HR1-1 displays a host-range (hr) phenotype characterized by severely
restricted growth in most cell types but normal replication in a very
limited number of “permissive” cells including the BHK-21 cell line,
which was used to produce this mutant virus (Grdzelishvili et al.,
2005). As shown in Fig. 4G, infection of microglia or astrocytes with
VSV HR1-1 results in detectable production of inﬂammatory cytokines
but such production was again 10-fold lower than that observed
following exposure to comparable numbers of infectious VSV-wt
particles (Fig. 4). Taken together, these data demonstrate that active
viral replication is required for robust inﬂammatory responses of
infected glial cells.
Intranasal administration of VSV results in murine glial cell infection
in situ
To conﬁrm the ability of VSV to infect glial cells in situ we have
employed an established murine model of virally-induced encepha-
litis (Bi et al., 1995). VSV-wt was intranasally administrated to 3- to 4-
week-old male C57BL/6 mice. As shown in Fig. 5A, VSV inoculated
animals rapidly developed symptoms associatedwith CNS infection as
assessed by disease severity scoring in contrast to mice that received
inoculation with vehicle alone. Animals were sacriﬁced at 3 days p.i.
and whole brains were isolated in such a way as to avoid possible
contamination with any residual viral particles that might be present
in the olfactory canal. Brain tissue was homogenized and VSV-
expressed proteins and infectious viral particle content was quanti-
ﬁed by Western blot analysis and plaque assay, respectively. The N, P,
M and G proteins of VSV were detectable in whole brain protein
isolates as determined by Western blot analysis using a polyclonal
antibody directed against VSV (data not shown). In addition, we have
performed plaque assays using BHK-21 cells to conﬁrm the presence
of infectious particles in the CNS. At 5 days following intranasal
administration, infected murine brain tissue yielded 8.98×103±
1.77×103 PFU/mg total brain tissue (n=13). In addition, we have
conﬁrmed the development of inﬂammationwithin the CNS following
intranasal VSV administration by direct quantiﬁcation of pro- and
anti-inﬂammatory mediators in whole brain homogenates by speciﬁc
capture ELISAs. As shown in Fig. 5A, VSV infection resulted in marked
increases levels of the proinﬂammatory cytokine, IL-6. Interestingly,
this elevation was associated with a concomitant decrease in levels
of the immunosuppressive cytokine, IL-10, in infected brain tissue
(Fig. 5A). Together, these data conﬁrmed that intranasal VSV
administration lead to establishment of brain tissue infection and
the resulting CNS inﬂammation.
Importantly, we have performed experiments to determine
whether resident glial cells are infected in situ following intranasal
VSV administration. To accomplish this goal, at 3 days p.i. brain tissue
was perfused in situ, isolated, and prepared for confocal microscopic
analysis to determinewhether VSV proteins co-localizewith cell type-
speciﬁc glial markers. As shown in the representative micrographs in
Fig. 5B, the number of astrocytes (GFAP+) and microglia/macro-
phages (F4/80+) increases in the cortex at 3 days post VSV
administration consistent with a reactive gliosis, and increases in
VSV-associated immunoﬂuorescence are readily apparent. Impor-
tantly, individual astrocytes and microglia/macrophages containing
VSV components can be observed in these cortical ﬁelds with co-
localized VSV and cell type-speciﬁc ﬂuorescence signals (yellow in
Fig. 5B) and are indicated in this ﬁgure.
In addition, glial cells were puriﬁed from infected whole brain
tissue homogenates by Percoll gradient and the presence of VSV
structural proteins was determined by Western blot analysis. As
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protein isolates. Furthermore, we have isolated astrocytes (GFAP+)
and microglia/macrophages (CD11b+) from mixed glial prepara-
tions from VSV infected mice by ﬂow cytometry and have
conﬁrmed the presence of VSV G protein in these cells by Western
blot analysis (Fig. 5C).
Discussion
The orderMononegavirales consists of four families (Rhabdoviridae,
Paramyxoviridae, Filoviridae and Bornaviridae), which include many
lethal human pathogens (e.g. rabies, Ebola, and Hendra viruses);
highly prevalent human pathogens, such as the respiratory syncytial
and parainﬂuenza viruses; potential ethological agents of some
neurobehavioral abnormalities and psychiatric disorders in humans
(Borna disease virus); aswell as viruseswith amajor economic impact
on the poultry and cattle industries (e.g. Newcastle disease virus and
rinderpest virus) (Ascenzi et al., 2008; Lamb andParks, 2007; Lyles and
Rupprecht, 2007; Planz et al., 2009). Somemembers of this order, such
as rabies and Newcastle disease virus, have the ability to circumvent
the blood–brain barrier to establish CNS infection resulting in a severe
and often fatal inﬂammation of brain tissue (Leung et al., 2007; Seal et
al., 2000). VSV has the ability to infect neurons and generate acute
encephalitis in mice in a manner that resembles rabies (Huneycutt et
al., 1993) and has therefore proved to be a useful model for rabies and
other nonsegmented negative-sense RNA viruses that cause CNS
infections. Like rabies virus, VSV-associated CNS inﬂammation is rapid,
occurring within days of intranasal inoculation (Huneycutt et al.,
1993). This rapid onset is indicative of an innate immune response and
is likely to involve the activation of resident CNS cells that have
immune functions. Such a hypothesis is supported by the observation
that VSV-associated encephalitis is unaltered in athymic mice
suggesting that this inﬂammatory immune response is T-cell inde-
pendent (Frei et al., 1989). Furthermore, several studies have indicated
that resident CNS cells exhibit immune functions in situ following VSV
infection (Bi et al., 1995; Christian et al., 1996; Huneycutt et al., 1993).
There is growing appreciation that microglia and astrocytes play
an important role in the generation of protective immune responses
or progressive inﬂammatory damage following CNS infection. These
cells are activated by a variety of microbial pathogens including
viruses and assume immune effector functions such as the production
of inﬂammatory mediators and the expression of MHC class II
molecules (Bi et al., 1995; Rasley et al., 2004a; Taylor et al., 2003).
Previous study demonstrated that microglia and astrocytes respond to
VSV infection by proliferation, production of iNOS, and the induction
of cell surface MHC class II molecule expression (Bi et al., 1995). Such
responses are likely to set the stage for subsequent inﬂammatory
damage (Schwartz et al., 1999). While it is possible that these glial
cells can directly recognize viral motifs via cell surface pattern
recognition receptors, or may respond to inﬂammatory mediators or
other signals released from infected neurons following lytic damage,
the mechanisms underlying activation of resident CNS cells by VSV
have not been determined.
In the present study, we demonstrate that VSV can infect,
replicate and produce new virus particles in isolated cultures of
primary murine microglia and astrocytes following in vitro viral
challenge. In addition, we have shown that VSV products can be
detected in glial cells isolated from the brains of mice inoculated
with VSV intranasally. Furthermore, we have employed dual
immunoﬂuorescence confocal microscopy of brain tissue sections
and ﬂow cytometric analysis of acutely isolated glial cells to
demonstrate coincident expression of VSV products and glial cell
type-speciﬁc markers in situ. Finally, we have demonstrated that
VSV replication in microglia or astrocytes precipitates inﬂammatory
cytokine production by these resident CNS cell types. These ﬁndings
are consistent with the previously documented in situ activation ofglial cell following in vivo VSV infection (Bi et al., 1995; Christian et
al., 1996). The relevancy of these ﬁndings to rabies CNS infection is
supported by the ability of rabies virus to infect cultured microglia
and astrocytes (Ray et al., 1997). Interestingly, we have shown that
the susceptibility of murine microglia and astrocytes to infection is
not restricted to rhabdoviruses as these cells can be infected with,
and support the replication of SeV, a paramyxovirus (Lundh et al.,
1987). Furthermore, we show that glial cells respond to SeV
infection by inﬂammatory cytokine production, albeit with smaller
responses to those seen with VSV. As such, these data suggest that
glial cells have a broad susceptibility to nonsegmented negative-
sense RNA viruses and can respond to members of this order by
changes in the production of immune molecules that can promote
damaging CNS inﬂammation.
Importantly, we have also demonstrated that viral replication is
required to elicit robust immune responses by microglia and
astrocytes. We show that heat inactivated VSV-wt elicits glial
immune responses that are an order of magnitude lower than that
induced by infectious viral particles. These results suggest that
VSV-associated inﬂammatory responses are not predominantly
mediated by cell surface and/or endosomal pattern recognition
receptors such as TLR3 or TLR7. Such a hypothesis is further
supported by our experiments employing the host-range VSV HR1-
1 mutant (Grdzelishvili et al., 2005), which is replication impaired
in glial cells and fails to elicit marked inﬂammatory cytokine
production by microglia or astrocytes. This result indicates that
active viral replication is a critical requirement for the generation
of glial immune responses to VSV. While this effect cannot be
adequately explained by the perception of viral particles by TLRs
present on glial cells (Konat et al., 2006), the recent demonstration
that microglia and astrocytes express members of the newly
described RLR family may provide a mechanism underlying the
replication-dependent nature of these responses (Furr et al., 2008).
RLRs are present in the cytosol of many cell types and have been
shown to function as intracellular sensors for replicative viral RNA
motifs (Meylan et al., 2006; Takeuchi and Akira, 2008; Takeuchi
and Akira, 2009). Interestingly, recent studies suggest that the RLR,
RIG-I, demonstrates speciﬁcity for VSV and SeV RNA (reviewed in
Yoneyama and Fujita, 2009) and we have demonstrated that both
microglia and astrocytes constitutively express this intracellular
receptor (Furr et al., 2008). Furthermore, we have shown that such
expression is rapidly elevated in murine glial cells following
infection with either VSV or SeV (Furr et al., 2008). As such, the
replication-dependent nature of microglia and astrocyte responses
to VSV described in the present study suggests the possible
importance of RIG-I in the generation of inﬂammatory cytokine
production by glial cells.
Taken in concert, these studies support a hypothetic scenario in
which VSV and possibly other neurotropic nonsegmented negative-
sense RNA viruses can invade the CNS and infect both neuronal and
non-neuronal cell types, including microglia and astrocytes. Impor-
tantly, the generation of replicative viral RNA can subsequently be
perceived by intracellular pattern recognition receptors such as RIG-
I, known to be expressed by both astrocytes and microglia. The
resulting activation of RIG-I-dependent signaling pathways could
then initiate glial cell immune functions, precipitating virus
mediated lethal inﬂammation.
Materials and methods
Viruses
Fig. 1 shows genome organization of the four recombinant (r)
viruses used in this study. Recombinant VSV-wt (Indiana serotype),
and its derivative VSV rHR1-1 with a single amino acid substitution
D1671V in the L protein, have been previously described
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infectious virus was heated at 65 °C for 15 min. This treatment was
determined empirically to eliminate virus infectivity as determined by
plaque assay using BHK-21 cells. VSV-GFP is a VSV-wt (Indiana
serotype) encoding GFP as an extra gene between G and L genes (Das
et al., 2006) and was kindly provided by Dr. Asit K. Pattnaik
(University of Nebraska). Recombinant SeV-wt (Fushimi strain)
(Leyrer et al., 1998) and SeV-GFP-Fmut (SeV-GFP) with an enhanced
green ﬂuorescent protein (GFP) upstream of the NP gene (Wiegand et
al., 2007) were kindly provided by Dr. Wolfgang J. Neubert (Max-
Planck-Institute of Biochemistry, Germany). Monolayer cultures of
Vero or BHK-21 cell lines were maintained in Dulbecco's modiﬁed
Eagle's medium (DMEM, Cellgro) supplemented with 9% fetal bovine
serum (FBS, Gibco). To produce VSV or SeV, BHK-21 or Vero cells,
respectively, were infected with wt or mutant viruses at a multiplicity
of infection (MOI) of 0.05 plaque-forming units (PFU) per cell in
MegaVir HyQSFM4 serum-free medium (Hyclone) and incubated for
24–48 h at 34 °C. SeV-GFP was grown without acetylated trypsin in
the medium as it has a wt monobasic trypsin-dependent cleavage site
in the F protein mutated to an oligobasic cleavage site allowing F
activation in any cell type through an ubiquitous furin-like protease
(Wiegand et al., 2007). TheMOI values formicroglia and/or astrocytes
are relative and calculated based on the VSV titer determined on BHK-
21 cells or SeV titer on Vero cells supporting robust virus replication.
Therefore, MOIBHK and MOIVERO abbreviations are used throughout
this paper for VSV and SeV, respectively, and it is likely that the actual
MOI values for microglia and/or astrocytes were signiﬁcantly lower
than indicated.
Isolation of primary murine microglia
Murine neonatal brain microglia were isolated and cultured as
described previously (Harry et al., 1998; Rasley et al., 2002a; Rasley
et al., 2002b; Sterka et al., 2006). Brieﬂy, six to eight neonatal
C57BL/6 mouse brains per preparation were dissected free of
meninges and large blood vessels and ﬁnely minced with sterile
surgical scissors. The minced tissue was then forced through a wire
screen and brieﬂy incubated with 0.01% trypsin–0.005% EDTA for
5 min. The cell suspension was then washed and this mixed glial
culture was maintained in RPMI 1640 containing 10% FBS and
gentamicin for 2 weeks. A microglia culture was obtained from this
mixed glial culture by shaking ﬂasks for 2 h at 200 rpm in an orbital
shaker and allowing the transferred dislodged cells to adhere to
new tissue culture vessels for 1 h. The media were medium was
then removed and fresh RPMI 1640 with 10% FBS and 20%
conditioned medium from LADMAC (ATCC number CRL-2420)
cells as a source of M-CSF-1 was added to maintain microglia
cultures for 1 week, as described previously (O'Keefe et al., 2001).
Cells isolated in this manner were N95% authentic microglia as
assessed by their characteristic morphology and by the expression
of CD11b and F4/80 as determined by immunoﬂuorescent micros-
copy (Rasley et al., 2002a).
Isolation of primary murine astrocytes
Brain astrocytes were isolated and cultured as described
previously (Bowman et al., 2003; Rasley et al., 2004a; Rasley et
al., 2006; Sterka et al., 2006). Astrocyte cultures were obtained from
the mixed glial cultures by shaking ﬂasks to dislodge weakly
adherent microglia, and these cells were discarded cultured
separately as described above. The remaining astrocytes were
mechanically dissociated, transferred to new tissue culture vessels,
and cultured for 1 week prior to use. Cells isolated in this manner
were demonstrated to be greater than 97% authentic astrocytes due
to their characteristic morphology and the presence of the astrocyte
marker, glial ﬁbrillary acidic protein (GFAP), and the absence of themicroglial cell surface marker, CD11b as determined by confocal
microscopy (Bowman et al., 2003).
In vitro viral infection
Isolated primary microglia and astrocytes were infected with VSV,
VSV-GFP, SeV, or SeV-GFP as previously described (Furr et al., 2008) at
MOIBHK (for VSV) or MOIVERO (for SeV) of 1 PFU per cell and the virus
was allowed to adsorb for 1 h. Non-adherent viral particles were
removed by washing with PBS followed by the addition of RPMI 1640
media supplemented with 10% FBS and 20% LADMAC (for microglia)
or 10% FBS (for astrocytes). Cultures were maintained for 6, 12, 24, or
48 h prior to collection of culture supernatants, preparation of whole-
cell protein isolates, or preparation for confocal microscopic analysis.
Fluorescence microscopy
Fluorescence photomicrographs of cultured microglia and astro-
cytes infected in vitro with VSV-GFP or SeV-GFP were taken using a
Laser Scanning Microscope 710 (Carl Zeiss, Thornwood, NY) with a
10× objective and Zen2008 software. Cell nuclei were visualized with
Hoechst 33342 and cell membranes were visualized with Alexa-
Fluor594-labeled wheat germ agglutinin (Invitrogen, Carlsbad, CA).
Western blot analysis
Western blot analyses for the presence of GFP or viral proteins in
microglia, astrocytes, and whole brain samples were performed as
described previously by our laboratory (Bowman et al., 2003; Rasley
et al., 2006). Protein samples were obtained from microglia,
astrocytes, and brain tissue samples in a buffer containing 125 mM
Tris base, 20% glycerol, 2% SDS, 1% bromophenol blue and 2% 2-
mercaptoethanol. Samples were separated using 10% SDS PAGE and
transferred to Immobilon-P membranes (Millipore, Bedford, MA).
Membraneswere blocked for 18 hwith 5% skimmedmilk at 4 °C. After
incubation with either a rabbit polyclonal antibody against VSV
(Grdzelishvili et al., 2005), a puriﬁed goat polyclonal antibody
directed against VSV G protein (Bethyl Laboratories Inc., Montgomery,
TX), or a mouse monoclonal antibody against GFP (Thermo Scientiﬁc
Afﬁnity BioReagents, Freemont, CA), for 24 h at 4 °C, blots were
washed and incubated in the presence of an HRP-conjugated donkey
anti-rabbit antibody (Cell Signaling, Danvers, MA), an HRP-conjugat-
ed goat anti-mouse IgG antibody (Sigma-Aldrich, St. Louis, MO), or a
HRP-conjugated donkey anti-goat antibody (R&D Systems, Minnea-
polis, MN). Bound enzyme was detected with the Super Signal system
(Thermo Scientiﬁc, Rockford, IL).
Northern blot analysis
Probes were synthesized by in vitro run off transcription in the
presence of [32P]CTP using the MAXIscript T7 kit (Ambion).
pBluSKP-VSV-N (Stillman et al., 1995) digested with HincII and
pGEM3-SeV-NP (Leyrer et al., 1998) digested with PﬂMI were used
as the in vitro transcription templates to generate riboprobes
complementary to the VSV and SeV genomes, respectively. These
VSV and SeV ribiprobes were found to nonspeciﬁcally recognize N
mRNA of the corresponding viruses. Total RNA was extracted from
the collected cell pellets using the Quick-RNA MiniPrep kit (Zymo
Research). For each sample, 1 μg of total RNA was separated on a
1.2% agarose-formaldehyde gel, transferred to a nylon membrane
and incubated with the appropriate probe overnight at 60 °C.
Autoradiographic images of the membranes were obtained using a
GE Healthcare Typhoon Phosphorimager, and RNA bands for viral
genomic RNA, viral N mRNA and cellular rRNA (nonspeciﬁcally
recognized by antigenomic riboprobe) were quantitated using
ImageQuant software (Molecular Dynamics).
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Speciﬁc capture ELISAs were performed to quantify IL-6, TNF-α,
and IL-10 secretion by glial cells using commercially available ELISA
kits (R&D Systems, Minneapolis, MN) as described previously by our
laboratory (Anguita et al., 2001; Chauhan et al., 2008; Rasley et al.,
2004b; Rasley et al., 2006). Commercially available ELISA kits were
used to measure TNF-α (R&D Systems, Minneapolis, MN) and IL-10
(BD Pharmingen, San Diego, CA) secretion. IL-6 secretion was
measured using a rat anti-mouse IL-6 capture antibody (Clone MP5-
20F3) and a biotinylated rat anti-mouse IL-6 detection antibody
(Clone MP5-C2311) (BD Pharmingen, San Diego, CA). Brieﬂy, 96-
well ELISA plates (ICN Pharmaceuticals, Costa Mesa, CA) were
coated with the capture antibody (2 mg/ml) overnight at 4 °C. After
blocking with PBS plus 10% FBS for 2 h at room temperature,
samples were applied and incubated for 1 h at 37 °C. The
biotinylated detection antibody (1 mg/ml) was added after washing
the plates with PBS plus 0.5% v/v Tween 20 (PBS/Tween 20). HRP-
conjugated streptavidin was then added prior to addition of
tetramethylbenzidine substrate (Kirkegaard and Perry Laboratories,
Gaithersburg, MD) and stop solution (25% v/v sulfuric acid in
distilled water). Quantiﬁcation of cytokine levels was achieved by
comparison with standard concentrations of recombinant mouse IL-
6, IL-10, and TNF-α (R&D Systems, Minneapolis, MN).
In vivo VSV infection
VSV-wt was administered to 3- to 4-week-old male wt C57BL/6
mice (Jackson Laboratories) via intranasal (i.n.) infection essentially
as previously described by our laboratory (Furr et al., 2008; Gasper-
Smith et al., 2006). Anesthetized animals were untreated or received i.
n. administration of VSV (4×107 PFU) in PBS (ﬁnal volume of 20 μl).
Prior to sacriﬁce, the severity of VSV-associated disease was scored
5 days p.i. for disease severity as previously described by our
laboratory (Rettew et al., 2008). A score of 1 was given to mice with
percolated fur but no detectable behavioral differences compared to
untreatedmice, a score of 2 was given to mice with percolated fur and
a huddle reﬂex but were still active, a score of 3 was given tomice that
were less active and were relatively passive when handled, a score 4
was assigned to inactive mice that exhibited only limited response
when handled, and a score of 5 was applied to moribund mice. In
parallel experiment, animals were euthanized at 3 days p.i. and
protein isolates were prepared from whole brain tissue homogenates
or mixed glial cells were acutely isolated from infected and uninfected
animals as described below (Chauhan et al., 2008). All studies were
performed in accordance with relevant federal guidelines and
institutional policies regarding the use of animals for research
purposes.
Acute isolation and cytometric analysis of CNS cells
Mixed CNS cells were acutely isolated from infected and
uninfected animals using a protocol modiﬁed from (Campanella et
al., 2002) as previously described (Chauhan et al., 2008). Brieﬂy,
brains were rapidly removed and mechanically disrupted in a glass
homogenizer, washed, and resuspended in PBS/30% Percoll (Fluka,
Sigma Aldrich, St. Louis, MO) solution. This was overlaid on a gradient
containing 37% and 70% Percoll solutions and centrifuged at 600×g
for 20 min at room temperature. Glial cells were then collected from
the interface and washed with PBS. For VSV-wt infected animals,
protein isolates were prepared from the puriﬁed cells and analyzed
for the presence of VSV products by Western blotting using a
polyclonal antibody directed against this virus or a puriﬁed goat
polyclonal antibody directed against VSV G protein (Bethyl Labora-
tories Inc.). In addition, in some experiments astrocytes and microglia
were isolated from the mixed glial preparation by ﬂow cytometryusing an R-phycoerythrin conjugated monoclonal anti-mouse CD11b
antibody (BD Biosciences, clone M1-70) and an AlexaFluor488-
conjugated monoclonal anti-mouse GFAP antibody (Invitrogen,
Eugene, OR, clone 131-17719). Protein isolates were prepared from
these puriﬁed cells and analyzed for the presence of VSV products by
Western blotting.
Immunoﬂuorescent analyses of murine brain sections
Infected and non-infectedmicewere euthanized 3 days p.i. and the
brains were perfused with Prefer ﬁxative (Anatech, Battle Creek, MI)
via intra-atrial injection. Samples were embedded in parafﬁn and
sectioned serially (5–7 μm). Brieﬂy, parafﬁn embedded sections were
heated and rehydrated with decreasing concentrations of ethyl
alcohol prior to rinsing in distilled water. Astrocytes or microglia/
macrophages were identiﬁed in deparafﬁnized coronal sections
blocked with goat serum (Zymed Laboratories, San Francisco, CA)
according to GFAP and F4/80 expression, respectively. GFAP was
detected using a monoclonal mouse antibody directed against murine
GFAP (Invitrogen) and an AlexaFluor488 conjugated chicken anti-
mouse secondary antibody (Invitrogen). F4/80 was detected using a
monoclonal rat antibody directed against murine F4/80 (Biolegend,
San Diego, CA) and a FITC-conjugated goat anti-rat secondary
antibody (Invitrogen). Sections were co-stained with a rabbit
polyclonal antibody against VSV and an AlexaFluor594-conjugated
goat anti-rabbit secondary antibody (Invitrogen), and cell nuclei were
visualized with DAPI (Invitrogen). GFAP, F4/80, VSV and DAPI
staining was assessed in multiple microscopy ﬁelds (40× objective)
of the same cortical locations in animals from each experimental
group using the LSM710 confocal microscopy system (Zeiss).
Statistical analysis
All results are presented as the mean±SEM and were tested
statistically by Student's t test or one-way analysis of variance
(ANOVA) with Tukey's post hoc test, as appropriate, using commer-
cially available software (Sigma Stat; Systat Software, San Jose, CA).
Results were considered to be statistically signiﬁcant at a probability
of b0.05.
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